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ABSTRACT
The effsets of wave interference between the hulls of 
double hulled ships waa investigated with the use of a 
model towing tank fitted with a gravity dynamometer 
type of model towing system. The towing tank and 
measurement equipment were designed and built as part 
of the project/ and will serve as a future testing 
facility at the University of the Witwatersrand,
The project continues from an Investigation done to 
compare the drag of a Busemann Biplane Catamaran with 
that of a conventionally shaped hull/ and focuses on 
wave interference effects on the drag of a conventional 
double hull ship as a function of speed and hull 
separation.
The accuracy and characteristics of the test equipment 
were determined and the experimental results were 
compared to other calculated data. The results clearly 
showed the relationship between wave drag, speed and 
separation resulting from wave interference effects and 
the magnitude of those effects.
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1 INTRODUCTION
This is a report of an investigation into the effects 
(negative and positive) of wave interference between 
the hulls of double-hulled s h ips. The word, double­
hulled, or catamaran, is used here to imply two 
displacement hulls running side by sid e . The principle 
involved is that each hull generates its own set of 
w a v e s , or wave system, the shape of which is a function 
of the power required to move the hull through the 
water at a given speed, if the sources of the wave 
systems are sufficiently close to each other, their 
wave systems will interfere and change shape, the new 
shape determining a new power-speed relationship. This 
implies that by adjusting the spacing between the hulls 
of a double hulled ship running at a certain speed one 
can obtain either an increase or a decrease in the 
power required to drive the ship at that speed.
The investigation also included the designing, building 
and instrumenting of an appropriate towing basin within 
certain constraints of space and time in order to carry 
out the investigation on a scale conducive to 
obtaining a reasonable degree of accuracy.
In 1970, a project was undertaken at this University to 
investigate and compare the drag of a Busemann Biplane 
Catamaran with that of a hull of conventional shape 
(see Bunt and Wells *1 *). This was done on a very small 
scale with limited equipment and the water depth was 
restricted in order to, make use of the hydraulic 
analogy: the analogy between the two dimensional 
supersonic flow of a perfect gas and the propagation of 
surface waves in shallow water. This investigation 
showed that a reduction in drag occurred due to wave
interference between the hulls and was dependent on the 
shape and separation of the two hulls. Due to the very 
small scale under which the investigation took place, 
however, nothing of any certainty could be said about 
how the principles demonstrated would apply to a full- 
size hull.
The former project of setting up a working towing tank 
facility at this University was initiated to further 
the investigation of the effects of wave interference 
between double hulls, with a view to being able to use 
the results to predict the performance of a full-size 
ship, i.e. to estimate possible power benefits from 
achieving the optimum speed-separation relationship for 
a particular double hull.
The practical use of catamaran ships has mainly been 
limited to vessels requiring a large deck area and high 
stability, such as passenger and vehicle ferries, cargo 
carriers and drilling rigs.
There are, however, numerous disadvantages to double 
hull ships. The inter hull portion is of limited 
depth, and is hence relatively useless. Extra weight 
and cost due to the bridging structure as well as 
providing two additional sides to the vessel, are 
appreciable. Two engine rooms are required, as well as 
two screws, rudders and sets of steering g e a r .
The overall accuracy or usefulness of the results 
obtained here is subject to certain limits cions which 
are due mainly to the scale (physical size) of the 
equipment used. Only a limited amount of space was 
available for the location of the towing tank, and it 
was this which determined the width and length of run 
of the tank. With these dimensions fixed, the model 
dimensions could then be determined in order to give
the largest possible model size without adverse effects 
due to blockage and wave reflections from the tank 
walls, A large model size reduces the possibility and 
effects of laminar flow and increases the magnitude of 
the variables to be measured. It also reduces the 
scale factor between it and the full size ship. Model 
size therefore affects the size and type of towing 
apparatus, a larger model requiring a greater 
accelerating and towing force.
Due to the abovementioned tank size limitations the 
model dimensions could not be kept within the limits 
recommended to p., ..vent laminar flow, and so a trip-wire 
was fitted to both hulls in an attempt to reduce its 
effect. Laminar flow however, will only affect the 
scaling up of the results co a full size ship, and not 
the comparison of results obtained at different 
separations. (This assumes that the boundary layer
flow conditions around each hull are not significantly
affected by the changes in separation of the hulls and 
ate only a function of the speed.)
A gravity dynamometer system, such as the one used, has 
a major limitation in that it cannot determine a drag- 
speed relationship where the drag is decreasing with 
increasing speed. This becomes significant at points 
on the drag-speed curve where beneficial wave 
interference causes a sharp drop in drag (with
increase of speed); as a result, the full extent of the
drop will not then be detected.
It was not within the scope of this project to 
investigate fully the theoretical basis of wave 
interference. The mathematical theory of wave 
interference between double hulls is fully covered by 
Eggers(2). Theoretical results obtained by 
E v e r e s t ^ )  were used to compare against the results of
this projecL
Chapter 2 contains a discussion of the basic theory of 
ship-model testing and briefly covers wave 
interference. A preliminary error analysis was done 
prior to the design and setup of the testing equipment, 
This is also detailed in Chapter 2. The equipment used 
for the project is described in Chapter 3, and Chapter 
4 covers the setup and characteristics of the 
equipment, as well as the tes'-ing procedures which were 
used. The results were all presented graphically and 
are discussed in Chapter 5.
2 THEORY
2.1 Ship-Model Theory
The resistance of a model or ship is usually measured 
by the force which would be necessary to tow her 
through smooth water, and the power so expended is 
called the tow-rope or effective power.
Pour different components go to make up the total 
resistance of a model or ship:
(i) Skin friction resistance, due to the movement- of
the hull through a viscous fluid. A layer of 
water surrounding the hull is given a forward 
velocity and after the ship has passed, this 
remains as a frictional wake. The momentum in 
this wake comes from the ship, and during the 
ship's passage is a continuous drain of energy 
and hence a source of resistance. It amounts to
as much as 00 per cent in total in slow cargo
ships and still some 50 per cent in the case of 
high-speed warships.
(ii) Wave making resistance. A body moving in a 
fluid creates a pressure field around it, which 
in the presence of a free surface results in the 
formation of a wave system. Vhe constant 
formation of the wave system, results in further 
energy drain.
<iii) Eddy resistance, due to the energy carried away 
by eddies formed around stern fittings, plate 
overlaps, or local regions where the hull 
curvature is so sharp that the water breaks
away. This last kind of eddy r istance is 
sometimes refereed to as separation resistance, 
since it is accompanied by a separation of the 
boundary layer from the hull surface.
{iv) Air resistance is caused by the movement of the 
above-water part of the hull through the air.
In average cases this amounts to only some 2 per 
cent of the total. This is not significant in 
model tests and must be allowed for separately.
The above division of the total resistance is 
convenient but not strictly scientifically correct, 
since the first three types all react with one another. 
For example, the skin drag gives rise to a boundary 
layer which effectively alters the shape of the hull 
and hence the pressure distribution and the resulting 
wave-making resistance, while the wave system in turn 
alters the wetted surface area and so the skin friction 
resistance. Nevertheless it is convenient to make such 
a division for practical purposes.
Assuming that the resistance of a model moving on the 
surface of a real fluid depends upon certain properties 
of the fluid, the size of the m o del, and the speed at 
which the model is moving, dimensional analysis may be 
used to find the form of the parameters which must be 
held constant in any change of scale in order that the 
flow patterns may be geometrically similar.
Rt = total resistance of the hull 
p = mass density of the fluid 
v = velocity of the hull
gea-Ww jb
* -
L = length of the hull
v = kinematic viscosity of the fluid
g = gravitational acceleration
p - pressure per unit area at any point in the 
fluid
S = wetted surface area
If Rt is assumed to be a function of these quantities 
and the theory of dimensions is applied, we find that,
Rt/ d v 2l 2 rn f [vL/v , v2/g£,,p/p ] (2.1)
Since the wetted surface S of similar forms is 
proportional to we can write the left-hand side of 
the equation in the more usual form of a specific total 
resistance coefficient C t ;
Ct = 2Rt/pSv2
= f !vL/v,v2/gL,P/pv2) ' (2.2)
Dimensional analysis does not give any further
assistance in determining the form of the function f .
The equation states in effect that if all the
parameters on the right-hand side have the same values 
for two geometrically similar but differently sized 
bodies, then the flow patterns will be similar and ct 
will be the same for e a c h .
Considering firstly the case of a non-viscous fluid, so 
that there is no skin drag, and neglecting the last 
term P / pv2, we have left the wave making or residuary
fe&Jfcx W b  jeaJfc
resistance, which for similar forms is a function of 
the hull size L, the velocity v and the gravitational 
acceleration g. Hence we can write the wave-making 
resistance coefficient as
Cw » 2Rw/pSv2
=f1 [v2/gL] (2.3)
This means that geometrically similar bodies of 
different size will have the same wave-making 
resistance coefficient Cw if they are run at the same 
value cf the parameter v2/gn.
William Froude early recognized the necessity of 
dividing the resistance up into separate components. 
Based on the general law of mechanical similarity and 
from experiments on models of the same shape but 
different dimensions, and on observation of their wave 
patterns, Froude stated in his Law o! Cosn^.-.riscn that:
"The resistance of geometrically similar ships is in 
the ratio of the cube of their linear dimensions if 
their speeds are in the ratio of the square roots of 
their linear dimensions."
Defining the Froude number as
Fn = v//(gL)
the above implies thut for the same value of Fn for 
model and ship,
RW S/DS - Rwm/D„
where we define:
Rw = wave resistance 
D = hull displaceme;,-
s,m = subscripts representing ship and model 
respectively
At the same cw, the corresponding speed for the model 
is always far less than that of the full-size ship, 
thus allowing models to be run at easily obtainable 
speeds in a 'towing tank.
Returning to equation (2.2) and the term P/pv2 , 
neglecting atmospheric pressure, and referring P only 
to the water head, then for corresponding points in the 
model and ship P will vary with the linear scale ratio.
At corresponding speeds v- also varies in the same way,
so thit P/pvZ will be the same for model and ship 
provided that they are iun in the fame fluid, in 
practice, atmospheric pressure remains the same for 
model and ship, making the value of p /a v 2 at 
corresponding points much lacger for the model than 
for the ship. The hydrodynamic forces which we are 
concerned with in model tests arise from pressure 
differences, so that tha parameter P/pv2 will be taken 
care of at corresponding speeds as long as the fluid 
remains in contact with the model and ship surfaces. 
When flow separation occurs, the similarity 
requirements will no longer be fulfilled.
The first term of equation (2.2) involves the fluid
viscosity and we can write the frictional resistance
coefficient as
Cf = 2Rf/pSv2 
= f 2 [VL/v]
The value of Cf will be the same for model and ship 
providing that the parameter VL/v is the s ame. If both 
ship and model are run in water at about the same 
temperature, so that v has the same value, this 
becomes:
V sLs " %
This condition is very different from that of the wave- 
making resistance, in that as the model size decreases, 
the speed of test must increase.
It is obvious that both conditions of similarity cannot 
be satisfied in a single test unless the model is towed 
in a fluid with a kinematic viscosity far less than 
that of water. The only practical way of overcoming 
this is to separate the wave-making and frictional 
resistances. Hence we write:
Ct = Cw+Cf
The frictional resistance is calculated by comparing 
the hull sufaoe to that of a smooth flat plank.
Numerous skin friction formulations have been developed 
through drag tests on flat planks which relate the 
frictional resistance coefficient Cf to the parameter 
vL/v, commonly known as the Reynolds number,
Re = VL/v
Figure 2.1 shows the results of various independent 
tests on smooth planks. The chart shows that at 
Reynolds numbers below about 5x10s , many of the 
results fall below the general level as speed is 
decreased. This is due to the fact that at low speeds 
much of the surface is in a region of laminar flow.
10
Reynolds Number •
Gibbeni-9 '^GlonPfolesinAi'• U5EMB M'.jOMO.'eC Pionhs
Figure 2.1 Resu]ks o£ skin drag tests 
(Todd(4))
X1
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XFor complete laminae flow, the values of Cf for a 
smooth plank have been calculated by Blasius to lie on 
the lower line.
As speed is increased for a plank of given length, 
turbulent flow gradually spreads forward and as th-e 
resistance in tubulent flow varies as a higher power of 
v than laminar flow, the resistance curve rises toward 
an upper limit.
By artificially stimulating turbulence by using a trip 
wire or a strut ahead of the plank, even small planks 
at low speed can be run in the fully turbulent 
condition.
Cf values falling between the upper and lower curves 
are said to be those for transitional flow, in 
practice, unless turbulence is artificially stimulated, 
there will be some zone of laminar flow at the leading 
edge of all the planks. However, as the length of 
plank and speed are increased, giving higher Reynolds 
numbers, the area in laminar flow grows smaller and its 
proportional effect on resistance decreases.
Schoenherr made a statistical survey of most of the 
available experimental data, and drew the mean line 
shown on the chart. The formula for this line is:
0,242//(Cf) = log(ReCf)
The friction line used for this poject was the Prandtl- 
Schlichting line for all turbulent flow, as Cf is then 
more easy to compute.
Cf = 0, 4 5 5 / U o g R e ) 2 '58
Wave Interference
It is an experimentally established fact that the wave 
resistance of a ship increases rapidly with speed, but 
the increase does not follow a simple power law, i.e. 
one such that the resistance is proportional to a 
positive power of the speed. The resistance-speed 
curve in fact exhibits considerable "waviness" which is 
due to interference between some of the waves in the 
overall wave system poduced by the hull.
This can be explained in a general way If it is assumed 
that the resultant wave system of the ship is mainly 
due to two sources of disturbance, one situated near 
the bow and the other near the stern, these being the 
regions where the cross-sectional area of the hull 
changes rapidly; the approximately parallel middle part 
of the ship io relatively ineffective in generating 
waves. If the speed of the ship i» such that the wave 
trains generated at the bow and stern reinforce each 
other, a large amount of energy will be expended in the 
waves and the resistance will be high. However, if the 
two wave systems largely annul each other by 
interference, the resistance will be low. This 
explains the waviness in thfe curve of resistance on a 
base of speed,
The overall wave system surrounding a moving hull 
consists basically of two components: a diverging wave 
system and a transverse wave system. The two systems 
move roughly at right angles to each other, with the 
transverse wave crests at right angles to the direction 
of motion of the hull. A diagrammatic representation 
of the wave crests of the diverging ai.d transverse
Vsyste is shown in Figure 2.2,
It can be seen that the wave system is confined to a 
fixed area which is defined by straight lines at an 
angle of arcsin(l/3) (about 20 degrees) to the ship's 
course. This angle remains constant irrespective of 
the speed of the hull as long as the latter is 
constant. The magnitude of the waves outside the 
defined area is not zero, but is of a much smaller 
order than the waves inside.
In a double hull arrangement, the inside diverging wave 
systems of each h u l l ‘may meet each other on the 
centre plane between the two h u l l s , and are then 
reflected. Thus, instead of these waves travelling 
across toward the stern of the opposite hull, they are 
reflected on the centre plane and travel back toward 
the stern of the same hull whose bow generated them 
(see Figure 2.3).
Theoretically, then, the separation within which
interference will take place should be the waterline
length multiplied by the tangent of 20 degrees. As the i ,
separation increases from this value, the reflected bow i '
waves will begin to pass behind the stern and so have ' j ‘
less and less effect on the overall wave system of the | ■,
hull. j'-:, i
The resulting wave interactions are far more complex j .
than those described a b ove. E g g e r s (2) gives equations ; . . 1
for the calculation of the wave resistance for a double |'
hulled ship, based on the work done by Michell . j "
Havelock*7 ) also developed a method for calculating j,
the mutual interactions between two bodies moving in a
fluid. The method applies for bodies lying in any . / i
position relative to one another. For the case where i„
! '  *
1
Figure 2.2 ..-we crests of diverging and transverse
wave systems for a straight course at 
constant speed (Stoker < 5})
liEJSt Si1R*K,rfee -feutt
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the two bodies are moving parallel to one another, 
Havelock tabulates the results for two spheres in terms 
of the dimensionlesa resistance of one sphere and a 
dimensionless speed. Bach curve in Figure 2.4 
represents a different separation between the two 
spheres.
the wavs resistance of a sphere 
in the direction of motion
c - the velocity of the sphere 
b = the radius of a sphere
2k = the distance between the centres of the 
spheres
f = the depth of a sphere from the free surface
These results can be interpreted as being for a single 
sphere moving parallel to a solid interface. The 
results show that wave resistance increases with 
increasing nearness to the interface.
Havelock^7 ) also shows that with the spheres in any 
relative position, effects of wave interference occur 
when the following sphere lies within the wave pattern 
produced by the leading sphere, and arise from both the 
transverse waves and the diverging waves,.
E v e r e s t ) expanded on the theoretical work done by 
Eggers and used measured wave making properties of the 
individual hulls to predict the performance of the 
double hull configuration, thus eliminating the 
mathematical difficulties and approximations of
. .A n n  ,.. . ' . I
c//(gf)
Figure 2.4 Resistance of a sphere moving paralell 
to a solid interface versus speed 
(Havelock (?))
accurately representing a practical hull shape.
2.3 Preliminary Error Analysis
A preliminary error analysis was done- in order to 
determine the effect which the different variables have 
on the overall results. This was essential for the 
proper design and choice of the measuring system and 
instrumentation as well as the design of the model 
(see Appendix A ) .
The analysis indicated the importance of designing a 
hull which would have a large wave-making or residuary 
resistance as compared to the frictional resistance.
For the determination of the effects of wave 
interference between the hulls, the quantities which 
must be examined are the total drag of the model as a 
function of speed and separation and more importantly 
the wave drag coefficient or the wave drag as a 
function of speed and separation.
Total drag of the model is measured directly by the 
gravity dynamometer (less friction), and so is not 
influenced by any other measured or calculated 
variables. The wave drag and wave drag coeficient are 
however arrived at through the measurement of the 
following variables?
. model velocity ,
. total model drag
. total wetted surface area of the moving model 
. temperature of the tank water
The results of different tests were used in the 
calculations. These were found in the literature (see 
Appendix A) .
3 EQUIPMENT AND APPARATUS
3.1 The Towing Tank
An a 'ea of 16 m by 3 m was allocated for the siting of 
the towing basin, giving a maximum possible length of 
run of 15 m.
The tank was constructed from Sraithwaite plates and so 
had to be supported above the ground in order to bolt 
the bottom plates together. For this, u-shaped frames 
were constructed from 127 mm by 76 mm steel I-beam.
The vertical sides of the frames provided support for 
the tank walls (normally internally supported by 
cross-beams). The frames were attached to the wall
plates by means of two slotted brackets so as to allow
easy alignment of the wall p l ates. The exact tank 
dimensions w ere, 15,9 m long by 2,44 m wide by 1,22 m 
deep (see Figures 3.1 and 3.2).
An outlet pipe was placed at a height of 1 m from the
tank bottom and this set the water-level. When not in 
use, the water was circulated through the underground 
sump of the Mechanical Engineering Laboratory, a 
procedure which kept the water surface free from 
deposits.
A i m  wide walkway was constructed along one side of 
the tank to facilitate easy access to the water surface 
and the towing trolley system.


Braithwaite plates
supporting girders
figure 3.2 Schematic view of the towing tank 
{end view)
3.2 The Towing Carriage
A commercial ship-model towing trolley system was 
obtained for installation on one side of the t ank. 
(Although designed for the demonstration of basic 
principles in Naval Architecture, it was later found 
that the apparatus needed to be considerably upgraded 
to produce sufficiently accurate results.)
The towing trolley ran on two cylindrical stainless 
steel rails, one mounted on the top of the tank wall 
and one against the inner surface of .the wall. Two 
pairs of wheels arranged with their axes located at 
right angles bore on the top rail and a further wheel 
bore against the lower rail. The wheel rims were 
coated with hard rubber and one wheel was driven by a 
variable speed low voltage direct current motor through 
a reduction gearbox.
The trolley was controlled through a control 
panel carrying isolating and reversing switches, a 
speed regulator and an electrically controlled stop 
clock for measuring trolley speed, current was fed to 
the trolley by means of a trailing cable.
Contacts at each end of the track brought the trolley 
automatically to rest at the end of its run, and two 
contacts located a measured distance apart actuated the 
stop clock for speed measurement.
A tubular Warn, attached to the trolley and projecting 
into the tank, carried the model support and force 
dynamometer. This compri- 1 a pivoted lever carrying
at its lower end a transverse rod, the end of which 
engaged the model, A second lever was attached by way 
of a flexible cable to a spring balanca fitted with a 
dashpot. A pointer moving over a curved scale 
indicated the traction force. This reading was taken 
visually while the trolley was in motion.
Preliminary tests using a 1,2 m R.I.fJ.A. standard 
tanker model which was supplied with the trolley 
apparatus indicated that the force dynamometer would be 
inadequate for the accuracy which was required and so 
an electro-mechanical force transducer was designed and 
installed.
The force transducer consisted of a cantilevered beam 
fitted with strain gauges. This was attached to the 
tubular beam projecting from the trolley, The free end 
of the cantilever was attached to the model, the drag 
force then being picked up by the strain gauges as a 
bending moment in the beam. A configuration of four 
active strain gauges was used to compensate for torsion 
and temperature effects. The length of the cantilever 
was adjustible so as to provide the largest possible 
output signal- for the range of drag being measured. 
Output and input signals from the force transducer "were 
carried along with the trailing cable, the output being 
fed into a chart recorder.
A basic operating ercoe proved to be the fact 
that electrical interference from the trolley motor 
produced an offset error proportional to, the speed 
setting of the trolley as well as a sine wave in the 
actual output. The installation of shielded cabling on 
all wiring annulled the offset error and a filter was 
designed to average out the sine signal. This produced 
a clean signal when the trolley was run without load.
When thfc fctrolley was loaded, an unstable output signal 
was produced and a quantitative value for drag could 
not be determined with any reasonable accuracy. The 
instability was put down to the following effects:
. lack of stiffness in the tank walls, rail 
supports, rails and transducer support beam:
. out of roundness of trolley wheels; and
. pitching of the model due to sudden acceleration 
whenever the trolley motor was activated.
3.3 The Gravity Dynamometer
In order to be able to obtain an acceptable drag 
reading, a major re-design of the trolley system would 
have had to be undertaken. Due to the time factor 
involved, the trolley system was therefore scrapped and 
a special gravity dynamometer designed, built and 
installed.
The advantages of a gravity dynamometer over a trolley 
system are:
. a much smaller amount of hardware and 
instrumentation is required for the same 
accuracy;
. ease of setup and alignment;
there are no stiffness problems to be 
overcome; and
. hardware and instrumentation are relatively 
simple and quick to construct.
Its disadvantages are:
. model shapes which develop a side force, 
e.g. single asymmetrical models, cannot 
be tested;
. speeds at which the resistance is decreasing 
with increasing speed cannot be used;
. friction in the system must be determined and 
allowed for? and
, more runs are required per test point.
A gravity dynamometer type of towing system implies 
that the model towing force is applied by a falling 
mass, giving a steady, constant and accurately 
determinable drag force. This is normally done using a 
system of pulleys. Depending on the length of run 
available and the size of the model, an additional 
accelerating mass is sometimes required in order ta 
bring the model up to the correct speed in as short a 
distance as possible. The accelerating mass is then 
removed from the system, the model then being towed by 
the drag mass only. With the towing force fixed, the 
model speed is then determined.
A mathematical analysis was performed on, a basic 
gravity dynamometer system. For this, it was assumed 
that the drag force would be proportional to the square 
of the model speed, and t^at an accelerating mass would 
be required in order to bring the model up to the 
correct speed within a certain distance (see Appendix
B) .
Analysis of the characteristics of the system showed 
the following:
. without an accelerating mass the model speed 
will only asymptote to the correct drag-speed 
relationship;
. as the applied drag mass increases, the error in 
speed decreases;
. an accelerating mass will bring the model speed 
closer to the correct speed in a shorter 
distance and hence reduce the speed error: and
. an over-acceleration will cause an instability 
in the system since the speed will only 
satisfactorily asymptote as the drag is 
increasing.
Formulae were derived to calculate the required 
accelerating mass necessary to bring the model up to 
the correct speed within a given accelerating distance, 
as well as the percentage error in speed due to not 
using an accelerating mass (see Appendix B ) .
in the derivation of the formulae it was assumed that 
the model drag was proportional to the square of the 
model speed, whereas in practice the drag-speed 
relationship for a particular hull exhibits "humps and 
hollows" due to the shape of its wave system, and hence 
does not continuously follow this relationship. The 
formulae were however useful for design purposes and as 
a first approximation in calculating the required 
accelerating mass for a particular test point.
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Prom the analysis it was clear that it would be i
necessary to monitor the model speed continuously from j
rest in order to determine whether the model had i
reached its asymptotic value of speed and that it was |
travelling under steady flow conditions for the correct 
distance before its speed was measured, i.e. that the 
accelerating mass was correct (establishment o£ the 
flow requires constant speed for a distance of
appeoximately eight model lengths, Shiellst®^). !
The accelerating mass acts in conjunction with the j
driving mass from the start of the run and after a [•
fixed distance it is lifted from the system. {It was 
found that the accelerating mass must be removed slowly 
since sudden removal of the mass from the system causes 
the model to undergo pitching oscillations for the rest 
of its run.)
A method was devised to calculate the amount of 
friction present in the unloaded gravity system using 
the priciple of conservation of energy (see Appendix 
D) .
3.3.1 Pulleys
The basic gravity dynamometer which was built and 
installed in the tank consisted of a continuous towing 
line running between pulleys at either end of the tank, 
and two separate driving lines which ran from one of 
the towing line pulleys over a separate sat of pulleys 
mounted on the ceiling above the tank. (The towline 
pulley onto which the driving lines were attached will 
be referred to as the driving pulley, the pulley at the 
opposite side of the tank being the return pulley.)
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Figure 3.3 shows the overall layout of the gravity 
dynamometer system, while Figures 3.4 and 3.5 detail 
the large driving pulley. Figures 3.6 and 3.7 are 
photographs of the return and driving pulleys 
respectively.
The return pulley was mounted on a pivoting pole so as 
to allow free movement in a vertical plane along the 
direction of travel of the model, the pulley being held 
in this plane by a tensioning mass which kept the 
towline under a fixed tension and compensated for any 
stretch in the towline. The return pulley is detailed 
in Figure 3.8.
An adjusting screw on the pivot pole facilitated 
levelling of the bowing line with the water surface.
The pulley was held in a slotted bracket, which in turn
was bolted onto the pivot pole by a single bolt,
allowing easy pulley alignment in all directions. The 
pulley wheel was machined from aluminium with a v-slot 
to take the tow line. A small self-aligning ball 
bearing was press fitted into either side of the pulley 
and a mild steel shaft passed through the bearings and
located in the slotted bracket.

VFigure 3.3 Layout of the gravity dynamometer system
roof pulleys
return pulley
driving pulley
speed timer switchei
pivot pole -r
driving and 
accelerating
tensioning mas:
alignment bracket
pickup for speed monitor
Figure 3.4 Side view of the large driving pulley
driving mass roller
accelerating mass roller
Figure 3.9 Fcont view of the large driving pulley

Figure 3.6 She return pulley
Figure 3.7 The driving pulley
-■'1 I
towline tensioning line
adjusting bracket
return pulley
pivoting pole
Figure 3.8 Side view of the return pulley
The driving pulley was made up of one large 253 mm
diameter aluminium pulley attached to two smaller, 51
mm diameter hollow steel rollers which lay on either 
side of it: one side for the driving line and the othe- 
for the accelerating line. The driving and 
accelerating lines were wound up onto the rollers. The 
driving pulley ran on bearings in the same way as the
return pulley and was fastened to the tank wall by a
slotted bracket, so allowing for alignment and height 
adjustment.
From the driving pulley rollers, the accelerating and 
driving lines passed over small pulleys mounted on the 
ceiling. This gave a 3,2 m drop from ceiling to floor. 
With a 5:1 diameter ratio between the large pulley and 
the rollers, a length of run of 15 m was obtained.
3.3.2 Accelerating Mass Retardation System
The accelerating line passed through a retarding spring 
which caught onto the line after it had moved a fixed 
distance. The spring gently reduced the effect of the 
mass on the system until the moment when it supported 
the mass completely. A separate mass was hung from the 
spring to pre-stretch it and so help reduce the 
suddenness of application of the retardation force.
The accelerating line was attached to the roller by 
means of a small hook which then detatched once the 
accelerating mass was fully supported by, the retarding 
spring (see Figure 3.9).
driving mass
stopper on the accelerating
retarding spring
height through which 
accelerating mass operates 
on the system
accelerating line passes 
through the retarding spring accelerating mass
Figure 3.9 Accelerating mass retardation system
3.3.3 The Towline and Model Attachment
A towline is required to be strong, light, of low 
stretch and have a small diameter to keep the friction 
in the system flown to a minimum, k 1,0 mm diameter 
woven nylon thread was used for this purpose,
The force in the towline was transferred to the model 
by way of a vertical aluminium pin against which the 
model bor e , allowing the model free up and down 
movement due to sinkage and changes in trim, as well as 
facilitating easy attachment of the model to the 
towline. The pin was held rigidly to the towline by 
means of a light piano wire brace. Holes were drilled 
through the pin to reduce its weight (see Figure 3.10).
Figure 3.10 view of the towline to model attachment

3.3.4 Model speed Monitor
Since the model speed is directly proportional to the 
speed of the driving wheel, the model speed could be 
monitored by using electrical pulses which were 
generated by the rotation of the driving wheel, the 
frequency of the pulses being directly proportional to 
the model speed.
The pulses w^re generated by a photo-transistor and 
l.e.d. combination, with the driving pulley in between 
the two. devices. Equally spaced holes drilled through 
the driving pulley on the largest possible diameter 
produced the pulses, The pulses from the photo- 
transistor were fed into a standard frequency to 
voltage converter micro-chip, then to a zero setting 
device and then into a chart recorder.
The spacing, diameter and number of holes required were 
determined by the range of speed which the device was 
required to measure, as the photo-transistor has a set 
turn-on/off time and the frequency to voltage converter 
a set frequency operating range. The device was 
designed to monitor or measure model speeds from 0,0 to 
2,0 m/s, which for a model length of 1,2 m (4 ft),
gave a maximum Proude number of 0,58.
The signal in the chart record*.: could be amplified to 
indicate a change in speed of 0,004 2 m/s per chart 
division, which for a model speed of 1,0 m/s
indicates a change in model speed of 0,4 per cent per
chart division (see Appendix B ) .
Actual model speed at the end of the run was determined 
by timing the model over a known distance using a 
standard timer-counter instrument. The on and off 
pulses which activated the timer were transmitted when 
the aluminium pin on the towline passed between two 
sots of photo-transistor and l.e.d. switches spaced 1,0 
m apart, the pulse being transmitted when the light 
beam was broken.
3.3.6 camera Activator
For the purposes of recording the wave profile along 
the hull and for calculating the wetted surface area a 
photograph was taken of the moving model as it passed 
through the first speed timer switch . The pulse from 
the switch activated a reliy which in turn released a 
spring loaded eolenoid. The solenoid was mounted above 
the shutter release button of a standard S.L.R. camera, 
and when the current in the solenoid was turned off, 
the spring in the solenoid pushed the central rod onto 
the shutter release button.
3.4 The Model
It was first intended to test diamond-shaped as well 
as parabolic-shaped hulls as done by Bunt and 
Wells . Hovteves it waa obvious that a hull shape 
with a large discontinuity on the waterlines, such as a 
diamond shape, would not offer any hydrodynamic
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advantages over a practical hull shape.
Because wave interference will occur between any two 
hulls running next to each other, irre' active of the 
shape of the hulls, the choice of shape is not 
influenced by whether interference will take place or 
not, but rather by the extent of the interference. The 
amount of interference is determined by the size of 
each hull's diverging wave system. For experimental 
purposes the extent o£ interference will determine what 
accuracy and resolution the readings must show in order 
to obtain meaningful results.
3.4.1 Model Design Considerations
The preliminary error analysis indicated the importance 
of having a hull shape which has a large residuary 
resistance as compared with frictional resistance. For 
this purposo the literature was consulted to determine 
what hull shape characteristics influenced the 
residuary resistance, it was found that in general, 
for most shapes at high Froude numbers, residuary 
resistance is mainly dependent on the displacement 
ratio. This is the ratio of the hull displacement to 
the hull length, Ba:naby(9). Thus for any hull of 
fixed length "running at high Froude numbers, increasing 
the hull displacement will cause an increase in 
residuary resistance.
This implies that the model should be designed in such 
a way as to facilitate large adjustments in 
displacement, i.e. high freeboard, so as bo ensure high 
residuary resistance without having to re-design and 
build another model to change the displacement ratio.
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Changing the displacement of the hull by changing 
ballast means that the draft will change, but 
beam/draft ratios play a relatively minor part when 
compared with the displacement ratio at high Froude 
numbers (see Barnaby'^)).
Factors which have to be considered in the choice of a 
suitable hull shape for wave interference tests are;
, the shape must be easy and quick to construct in 
duplicate;
. the shape must produce a large enough diverging 
wave system;
. the shape must be close to that of a normal 
ship, i.e. hydrodynamically efficient; and
. the shape should be easily representable
mathematically for possible wave interference 
calculations as well as for displacement 
a id wetted surface area calculations.
The major factor which determines the model dimensions 
is the size of the tank in which the model is to be 
tested.
The cross-sectional areas of the model and of the tank 
are related in that due to the speed of the model a 
back flow is produced which increases the virtual speed 
of advance of the model; this is known as blockage. 
Bict(lO) considers that the model cross-sectional area 
should not exceed 1 per cent of that of the tank.
Wall effect due to the model being in close proximity 
to the sides and bottom of the tank causes an increase
in the measured resistance of the model. Comstock d D  
gives tables for determining the maximum length of or a 
model for no measurable wall effect based on model 
speed and displacement, as well as the expected 
increase in resistance due to an oversized model.
Also, the expected increase in resistance due to 
shallow water effects is tabulated.
Have reflections from the tank wall which do not pass 
clear astern of the model will affect the wave system 
around the hull and hence produce an error (see 
B a r n a b y O ) }. The wave system for a hull moving at any 
speed through the water is confined to a fixed area 
around the hull and so for any model length, the hull 
to wall distance for no interference can be calculated.
Because the full size ship will always operate under 
turbulent flow conditions, it is important to ensure 
that the model does the s ame. Laminar flow will 
produce a large error if the model results are scaled 
up to full size, while transitional flow wil* affect 
the repeatability of the results. Birt(lO) and 
T o d d (4) give a minimum Reynolds number of lOxlO6 to 
ensure turbulent flow without artificial stimulation. 
The disadvantage of using a small towing basin an d ' 
hence small models is that the Reynolds number seldom 
exceeds the above value and so artificial stimulation 
is normally necessary. A trip wire is normally used 
for this purpose and is placed at 5 per cent of the 
waterline length from the bow (see Todd*4 * and 
AllandZ) ).
From the above it is clear that in order to reduce any 
effects of laminar or transitional flow, the model 
should operate at as high a Reynolds number as 
possible, and hence should be as large as possible.
The above points were all taken into account to fix the 
overall model dimensions, as well as the gravity 
dynamometer speed range and the proposed Fronde number 
range over which the model was to be tested.
In order ‘•o ensure chat the model would perform within 
the bounds of normal ship types, i.e. perform as a 
typical ship, beam, draft and displacement-length 
ratios of various ships were determined and the model 
ratios chosen accordingly.
The model waterlines were designed as arcs of circles; 
any point on on its surface could thus be 
mathematically defined in terms of x, y and 2 
components (see Appendix H ) .
Each hull was asymmetrical with one flat side and one 
curved side. This made manufacture easy as there were 
only two surfaces instead of four which had to be
shaped (the hulls were hand shaped). There was also an
advantage in that the flat sides generated a much 
smaller wave system than the curved sides, so allowing 
for a longer model without adverse effects due to wave 
reflections from the sides of the tank. To simulate a 
situation of infinite hull separation, tho hulls were 
aligned with the flat sides facing inwards, which 
resulted in a negligible wave interference pattern 
between the hulls, while for all other tests the hulls 
were aligned with the curved sides facin; inwards. The
hulls were 800 mm long, with a beam of i'
3.4.2 Model Construction
The model was constructed from wooden sections, each
section being a "waterline" of 8,4 mm thickness. All 
waterline sections were glued together to make up the 
basic hull shape. Body filler was used to fill in the 
overlaps between the sections so as to g^ve a smooth 
and fair shape. The fl?t side of the hull provided a 
reference for alignment of the sections and for final 
shaping. Templates of each petition were used to ensure 
that both hulls were as identical as possible. The 
hulls were coated with clear polyurethane paint applied 
with a spray gun to give a smooth, uniform and 
watertight finish.
A 1,5 mm diameter lead wire was attached around the 
hull to act as a turbulence stimulator.
The hulls were held together by an aluminium frame. 
Steel brackets attached to each hull, and bolted onto 
the frame, allowed easy adjustment of the spacing 
between the hulls as well as correct alignment. Two 
pairs of vertical aluminium struts along the centreline 
of the frame, one pair at the bow and the other at the 
stern, were located on either side of the towing line 
in order to Keep the model in a straight line, since 
the towing force was applied at the longitudinal centre 
of gravity of the model (see Figure 3.10).
4 TESTS
4.X System Setup and Characteristics
Initial tests were run in order to determine the 
optimum towline tension for the system. System 
friction increases with increasing towline tension, 
while too low a tension allows intermittent slippage 
between the towline and the driving wheel, giving an 
oscillating speed trace and hence an incorrect speed 
reading.
Slippage was checked by aligning a mark on the towline 
with a mark on the driving pulley. The model was 
driven at the maximum test speed after which the 
alignment of the marks was re-checked. Slight creep of 
the towline along the driving pulley due to stretch in 
the towline occurred at all towline tensions, but this 
only amounted to around 5 mm over a length of run of 12
It was found that the direction of towing of the model 
had a large effect on the amount of towline tension 
required to prevent slipping. The tension required 
when the model was towed directly by the driving pulley 
was far less than tha'- required if towed via the return 
pulley.
Once the towline tension was set the system friction 
was determined and recorded. ‘Subsequent checks 
indicated that the system friction remained constant 
throughout the duration of the project.
An energy method was used to determine the system 
friction, a known amount of energy being put into the
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unloaded system is then dissipated by friction as the 
system is brought to rest (the method assumes that the 
frictional torque remains constant with changing 
speed).
The energy input to the system was provided by a known 
mass falling through a measured height. This was done 
using the driving line. Once the energy had been put 
into the system, the driving line was disconnected and 
the system allowed to come to rest. The final velocity 
of the falling mass as well as the angular rotation of 
the driving and return pulleys are proportional to the 
highest speed value reached on the speed monitor. The 
amount of work done against friction was measured by 
the distance which the towline travelled in coming to 
rest from the point at which the driving line 
disconnected. This was accurately done by inputting 
the pulses from the driving wheel to a pulse counter, 
the number of pulses then being proportional to the 
distance travelled (see Appendix D ) . O'
The model was checked for water absorption by weighing 
the hulls, submerging them for 24 hours and then re- 
weighing them. No absorption took place.
The speed monitor was checked and calibrated by 
connecting a frequency pulse generator to the input of 
the frequency to voltage converter. a  linear 
calibration curve was obtained for the designed speed 
range of Che device (see Appendix B ) .
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Extra ballast was added to each hull so that both hulls 
floated exactly on a grid line. The total weight of 
the hulls, ballast and supporting structure was then 
determined and recorded. This was taken as the model 
displacement and was kept constant throughout the 
duration of the project.
An alignment jig was constructed to ensure correct and 
repeatable alignment of the hulls. The initial tests 
showed, however, that although the hulls were aligned,
the model was pulling slightly to one side or the
other, depending on the speed of the model, and,.that 
the amount of pull increased with increasing separation 
of the hulls. The setup of the speed timer photo 
switches was such that the space between the transistor 
and l.e.d. wat, only 20 mm, an the model could not 
deviate more than 10 mm either side of the centre line
between the driving and return pulleys.
The pull was due to the hulls not being exactly similar 
in shape and it was found that by shifting ballast from 
one hull to the other (which had the effect of slightly 
increasing or decreasing the displacement and hence 
drag of the hulls), the model could be made to move in 
a straight line. The amount of ballast which was moved 
between the hulls was never more than 30 g, and so did 
not affect the trim of the hulls nor the overall 
displacement.
Ideally, the basic aim of the accelerating mass was to 
bring the model up as close to the required speed in as 
short a distance as possible, to allow more distance 
for the speed to asymptote to its exact value before 
the end of the run, and so result in a more accurate 
drag result. The initial tests, however, indicated 
that if the model was accelerated too quickly the model 
would start to pitch. This could easily be seen on the 
speed monitor trace. An optimum accelerating distance 
of 1,5 m was set, leaving a further 9 m of run before 
the model speed was measured.
The mathematical analysis of the system showed that 
above a certain value of driving mass an accelerating
mass was no longer necessary since for increasing 
driving mass the asymptotic value is reached over a 
smaller distance. This could clearly be seen from the 
tests where the final speed of the model was the same 
when run with and without an accelerating mass.
For the purpose of recording the wave profile alongside 
the hull and calculating the wetted surface area a grid 
network was drawn on the hull surface. As the model 
attained its final speed a photograph was taken of the 
wave profile against the grid. The grid was printed on 
an A3 sheet of paper on a scale of 2:1. The wave 
profile from the photograph wa then copied onto the A3 
paper using the intersections of the wave surface and 
the grid lines on the photograph. The wetted surface 
area was then determined using a planimeter, Fign-e
4.1 shows a half size reduction of the grid network 
used to calculate the wetted surface area of the hull. 
Figure 4.2 is a close-up view of the grid network on 
one of the hulls, while Figure 4.3 is a typical 
photograph of the wave profiles along the flat and 
curved sides of the hulls from which the wetted surface 
area was calculated.
At the end of the run the model was decelerated by the 
driving mass. The driving line re-wound itself onto 
the driving pulley, thereby applying a decelerating
Figure 4.1 A half size reduction of th ork
used to calculate wetted sur..
Figure 4,2 close-up view of a hull
Figure 4.3 wave profiles on the hulls
4.2 Testing Method
In order to ensure repeatability and accuracy of 
measurements a set testing method was adopted and used 
throughout all the tests.
The following were chocked on a daily basis before 
testing commenced;
. tank water circulating pump'(switched off)
. correct water level, i.e. distance between 
towing line and water surface
. settings on all electronic instrumentation
The system friction was also determined and recorded on 
a daily basis. A change in friction force of more than 
0,01 N indicated pulley misalignment or dry pulley 
bearings. Before the friction was measured the driving 
pulley was rotated b) M n d  a set number of times to run 
in the bearings (see - ./endix D) .
Total model displacement was checked and recorded each 
time the hull separation was changed. The hulls were 
wiped clean with a wet sponge to remove any aIgae or 
other deposits which might have altered the ;n o t i o n a l  
drag of the model.
The drag value for each best point was set u-.‘ rre 
driving mass. The initial value for the ace: ■etsting 
mass was then calculated and a run was made, the
calculated value (the accelerating distance being fixed 
at 1,5 m). The resulting speed trace on the vhart
recorder was examined to determine whether the model 
had been under- or over-accelerated and to what extent. 
The accelerating mass was then readjusted accordingly 
and a second run was made. This procedure was 
continued until the correct accelerating mass was 
determined.
For every run th® time interval between the timing 
switches was recorded ?n the sp.'sed trace as well as the 
tjme at which the cun took place, and the water 
temperature at that time, the hull separation and the 
magnitude of the accelerating and driving masses used 
were also noted.
The speed trace as well ao the measured time interval 
was used to compare each consecutive run for the 
determination of the correct accelerating mass and 
hence the correct time interval for the test point.
The correct accelerating mass was taken as the one 
which produced the flattest but still increasing spaed 
trace as well as the shortest time interval reading (or 
highest speed). A very slight over acceleration would 
result in a lower speed reading than the correct speed 
due to the model speed having to drop below the correct 
speed and then asymptote back up to the correct speed. 
An example of a typical speed tracs is given in Figure 
4.4. The lighter trace plots the model speed from 
the beginning of the cun, vhila the darker trace is an 
amplification of the lighter trace over the constant 
speed range of tne model, and shows a velocity change 
of 0,005 m/s per chart division.
Once the correct accelerating mass had been determined 
a final run was made and a photograph of the wave 
profile taken, included in the photograph was a 
photograph number, the hull separation and the Froude
Figure 4.4 A typical speed trace
number.
Once a full set of tests had been completed for a fixed 
hull separation, their accelerating mass values were 
used as the initial values for the next s et, since for 
the same value of driving mass there was only a small 
change in speed for a small change in separation. This 
considerably reduced the number of runs required to fix 
a test point. A minimum of two runs was required to 
fix a test, p o i n t .
Tests were run at a minimum of half hourly intervals to 
allow the tank to settle.
4.3 Preliminary Tests
Once the system had been set up and checked, a full 
range of preliminary tests wete run-. The tests were 
used to determine the following:
. repeatability of the measurements
. the Proude number range for the final tests
i the ability of the system to detect a change in 
wave drag due to a change in hull separation
. the magnitude of the above change
Tests at infinite separation were run first as these 
were to provide the comparative basis for the other 
separations, After fixing each test point, it was 
plotted on a graph of drag versus Proude number, the 
approximate position of the next point being chosen to
pick up any sharp changes in the resulting curve.
Tests were run through a Frotade number range of 0,15 to 
0,5 which covers the operating range of most ship 
types. (High speed destroyers operate at between 0,4 
and 0,7 (see Barnaby^*).)
Two other sets of tests were run at different hull 
separations. This was done to detect any effects due 
to wave interference and the magnitude of the effects. 
These covered the same Froude number range of 0,15 to 
0,5.
The results of all three separations wera plotted c. 
the same graph as total drag versus Froude number and 
wave drag coefficient versus Froude number. These are 
given in Figures 4.5 and 4.6. A dimensionless quantity 
called the separation/length ratio was used to 
represent the hull separation. This is defined as;
S/L = the perpendicular distance between the hulls 
divided by the hull length
The drag versus Froude number plot has a low resolution 
but it shows the effects of wave interference where the 
curves representing the separations diverge.
The plot of wave drag coefficient versus Froude number 
shows clear wave interference effects; in general, 
adverse effects below Fn = 3 and beneficial effects 
above Fn = 3.
The actual hull separation at infinity and at S/L =
0,81 was the same except that at infinity the curved 
sides of the hulls faced outwards while ah S/L * 0,81 
they faced inwards. At low speeds the curves for S/L = 
infinity and S/L = 0,81 are similar due to the large
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Figure 4.6 Wave drag coefficient versus Froude number
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separation and low wave making, while at higher speeds 
where wave making becomes dominant, the two curves are 
distinctly separate. This indicates the effectiveness 
of the flat sides of the hull in producing a small wave 
system as compared to the curved sides and justifies 
the nomenclature "infinite" even though the actual hull 
separation was finite.
The large difference in the curves at S/L = 0,34 and 
S/L = infinity indicates wave interference effects, 
even at low speeds, and the ability of the gravity 
dynamometer and measuring system to detect these 
effects.
The curves also indicate that major beneficial wave 
interference effects take place in a Proude number 
range between 0,29 and 0,37. The results do indicate 
possible beneficial effects occurring at around Pn = 
0,25 which could show up at other S/L .ratios. However, 
it was decided that only the higher speed range would 
be investigated for the following reasons:
. accuracy and repeatability are reduced at lower 
speeds due to possible laminar or transitional 
flow effects and the reduced magnitude of the 
variables being measured
. the overall effects of interference will be 
larger at higher speeds, due to the increase in 
wave making with speed
4.4 Repeatability Tests
Repeatability tests were run at three drag values, 
covering che proposed speed range i.e. at the 
beginning, middle and end of the range. At each drag
value seven runs were recorded all using the same 
driving and the same correct accelerating mass. The 
tests were all run at infinite separation with the 
hulls being loosened and then re-aligned after every 
run. The repeatability tests are detailed in Appendix
A statistical analysis was carried out on the results 
to determine the repeatability of the tests and to 
determine the expected errors in speed reading and 
wetted surface area as the errors in these quantities 
are more of a random nature and are difficult to 
assess.
A 95 per cent confidence limit was used to fix the 
error limits, i.e. 1 chance in 20 that the error will 
lie outside of the limits. The worst error in speed 
out of the three sets of tests was found to be 0,4 per 
cent and also 0,4 per cent for the wetted surface area.
This error in speed does not include the possibility 
that the model could have been slightly over or under 
accelerated. However, using the formula for the 
calculation of the percentage error in speed due to not 
using an accelerating mass the error in speed at the 
beginning of the test speed range was found to be 1,3 
per cent, decreasing to 1,2 per cent in the middle of 
the range and to 0,5 per cent at the end of the range.
Although approximate, these results do indicate that 
even without an accelerating mass the model speed will 
be extremely close to its correct asymptote value by 
the end of the run and so it can be assumed that with 
the techniques used to determine the correct 
accelerating mass there would be negligible speed error 
due to under- or over-acceleration.
For the three sets of tests the maximum possible error 
and the most probable error in wave drag coeficient 
were calculated. The maximum possible error ranged 
from 1,3 to 2,8 per cent, while the most probable error 
ranged from 0,8 to 1,6 per cent (see Appendix G ) ,
Examination of the plot of wave drag coefficient versus 
Froude number at a Froude number of 0,32 shows a change 
in wave drag coefficient between S/L - infinity and S/L 
* 0,34 of about 10 per cent, as compared to an error of
1,6 per cent in wave drag coefficient. This clearly 
indicates the ability of the system to detect a change 
in wave drag.
4.5 Final Tests
Final tests were carried out over a S/L range from 0,81 
to 0,18. For each set of tests, the same driving mass 
values and spacing of driving mass were used, allowing 
for easy comparison between two separations, i.e. for 
the same value of drag different speed readings were 
obtained at different separations.
Ideally, for the same speed value different drags 
should be obtained for different separations, but this 
is not. directly measurable with a gravity system. 
However, once the results are plotted, equations can be 
ds rived to fit the points and different drags can then 
be compared for the same speed.
The results of the preliminary tests were used as a 
starting point to fully investigate the effects of 
interference from an infinite separation (at which no 
interference occurs) to an almost zero separation.
4.6 Results Processing
In order to be able bo effectively analyse and observe 
the effects of wave interference, it is important to be 
able to compare two different separations where the 
model is running at the same speed and then examine the 
resulting change in the wave drag coefficient or the 
wave drag.
Due to the nature of a gravity dynamometer, the only 
quantity which can be set is the total drag of the 
model, all other quantities being dependent on this. 
This makes comparisons difficult, since all other 
variables will have to be compared to the total drag, 
whereas the quantities of interest are the comparisons 
between the wave drag a n 3 wave drag coefficient with 
speed and separation.
Reasonable comparisons can be made by plotting Cw or P,w 
against Fn for the various separations on the same 
axes, but a far more satisfactory result is obtained by 
deriving an equation for the relationship between Cw, 
(or Rw) and Pn for each separation. Then, for a given 
Fn, a quantitative difference in Cw, (or Rw) can be 
obtained for any two separations, in particular, the 
difference in Rw between a given separation and an 
infinite separation can be obtained for any Fn. 
Conversely, the difference in Rw between two Fn values 
can be obtained for any separation.
All results calculations, interpolations and graph 
plots were done on the Hewlett Packard 2000 Computer. 
For each set of tests, Cw and Rw were calculated and a 
spline curve fitted to the relationship between uw and
Fn as well as Rw anfl P n . The equations which were 
used for the calcn' tions are given in Appendix C .
examination of the d: , vcibutio.j of test points on the 
plot of r w  against Fr s-^wed that the distribution of 
test points was sufficiently rlose and continuous so as 
to justify the fitting of a curve as well as the 
accuracy in the use of intermediate points on the
A Fn range between 0,3C and 0,37 was set for the 
following calculations. Pol- each separation, at a 
given Fn, Rw was divided by Rw at infinite separation 
at the same Fn. The notation Rwin is used to define 
the Rw at infinite separation. The same was done for
The interference ratio, Rw/Rwin (or cw/cwin), was 
plotted against Fn, each curve representing a 
separation. Also, the interference ratio was plotted 
against S/L, each curve representing a particular 
value of Fn.
5 DISCUSSION AND CONCLUSIONS
5.1 Accuracy of Tests and Calculations
The method used for the determination of the overall 
system friction of the gravity dynamometer did not take 
into account the increase in frictional torque due to 
the loading on the bearings while the model was being 
towed, nor the increase in friction due to the increase 
in towline tension as the towline moved over the 
driving pulley. The frictional torque in the bearings 
was calculated at maximum and minimum test loads and 
was found to be negligible. The change in sysiem 
friction due to the movement of the loaded towline over 
the driving pulley was neglected, it being difficult to 
determine, it does not affect the results however, due 
to their comparative nature.
Unloaded system friction tests (see Appendix D), gave 
not only a quantitative value of drag, but served also 
as a check on any deviations in the system dray due to 
misalignment, dirty or dry bearings. Error 
calculations using the above method indicate an 
accuracy of 1 per cent in system drag measurement, 
which is more than adequate, since the accuracy limit 
of the dynamometer measuring system was set at 0,01 N. 
For the duration of the testing period, the system drag 
settled at an average value of 0,07 N, and did not vary 
more than 0,01 N either side. This waa checked at the 
beginning and at the end o£ each testing day. This 
value of system drag was found to be proportional to 
the towline tension, the tension being that required to 
prevent slippage of the towline over the large driving 
pulley.
The repeatability tests as covered in Appendix G show a 
maximum error in speed reading of 0,4 per cent 
(maximum, implying the largest error in speed of the 
three sets of repeatability tests). This was 
calculated by taking th< ntistical error in speed 
reading as a percentage o: r,he mean value of speed for 
the seven runs. The erro^ : actual time-interval
reading, as measured by the counter-timer, can be 
considered to be negligible; the timer measuring to 
0,01 ms. The distance between the timing switches was 
1,0 m, accurate to 1,0 mm, giving an error in actual 
speed of 0,1 per cent. This error however remained 
constant for all teats.
Speed traces tor each run were used to determine the 
correct accelerating mass for the test point and to 
evaluate which terminal model speed should be used for 
the test point. Two channels were used on the chart 
recorder for this purpose: one to provide a complete 
trace of the model speed from zero velocity to terminal 
velocity and the other to amplify the trace as the 
model approached its terminal speed. The amplified 
trace showed a change of 0,5 per cent in model speed 
per chart division. It was found that the terminal 
model speed was extremely sensitive to a slight over­
acceleration. This produced a terminal speed which is 
far lower than that due to a slight under-acceleration. 
This effect is characteristic of a gravity system and 
can be deduced through further analysis of the 
equations derived in Appendix B. The technique used to 
determine the terminal velocity of the model for a 
given drag mass •was to examine the amplified speed 
trace as well as the recorded terminal velocity and to 
choose the highest terminal velocity which still had an 
accelerating speed trace. The mass of the model must 
be considered when using the above method, since a 
large model mass might still produce an accelerating
--f'’
speed trace over the length of 
been over accelerated.
un even though it had
The large wave system gene'ated in the area between the 
hulls produced a significant change in the wetted 
surface area of the hulls as compared to their static 
wetted area. This can be seen in Figure 5.1. The grid 
system used to determine the wetted area had a 20 
mm spacing between vertical lines and a 10 mm spacing 
between horizontal lines. This was due to the larger 
changes in slope of the wave profile occurring in the 
vertical direction as compared to the horizontal 
direction. The error in the calculation of wetted 
surface area is listed in the results of the 
repeatability tests (see Appendix g). A separate 
photograph was taken for each of the seven runs at 
constant drag, and the resulting wetted surface 
calculated. The largest error in wetted surface as 
determined from the photographs, calculated as a 
percentage of the mean, was 0,4 per cent. This overall 
statistical error includes all errors due to the 
transference of the wave profile from the hull to a 
photograph and then to the two-dimensional grid, as 
well as the error in using a planimeter to measure the 
resulting wetted surface.
The Reynolds number range over which the tests were run 
was from 0,6x10* to 0,9x10*, below the limit of 10x10* 
given in Birt^1^  and T o d d , for use without 
artificial stimulation. The conventional trip wire 
method of turbulence stimulation was used as given by 
T o d d ) and A l l a n ^ ^ i  , and it was assumed that this was 
sufficient to ensure turbulent conditions for all the 
tests. Laminar flow conditions are a major problem in 
small model tests and it is extremely difficult to 
predict or detect. The results of the repeatability 
tests would seum to indicate that at least steady state
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Figure 5.1 Percentage increase in wetted surface 
versus Froude number
Vflow conditions were prevalent over the test speed 
range. Also the resistance ratios used to compare the 
drag at a specific separation with the drag at infinite 
separation would effectively annul any error in 
frictional drag coefficient due to laminar flow, 
assuming that the flow conditions at a given speed wers 
the same for all separations, be they laminar or 
turbulent.
Figure il in Appendix I gives the expected increase in 
wave resistance due to testing in a tank of limited 
depth for a given speed-tank depth ratio. The speed- 
tank depth ratios for the range of speeds tested all 
lie along tho x-axis, indicating no shallow water 
effects. The interference rat.1 os would again override 
any effects due to shallow water (see Appendix I).
Wall effects are not overridden by the interference 
ratios, since the ratios are a comparison between some 
separation and an infinite separation, each 
representing a different distance from the tank wall, 
and hence indicating a different wall effect. The 
worst case was at infinite separation, where the model 
was running closest to the wall at the highest test 
speed. The wall effect at this separation was 
calculated using Figures 12 and 13, and it was found 
that the influence of the wall would produce an 
increase in measured resistance of just under 2 per 
c ent. This must be compared to the other extreme, 
where the model was running furthest from the wall, 
i.e. at the smallest separation. The same test speed 
was used since the interference ratios are based on 
equal speeds. For this case the influence of the wall 
was negligible, giving an error in interference ratio 
of just under 2 per cent. In general, beneficial wave 
interference effects occurred in the middle of the 
speed range and in the middle of the separation range.
It is thus more sensible to compare wall effects at 
infinite separation with separations in the middle of 
the separation range, both at a speed in the middle of 
the speed range. At infinite separation, the error due 
to the wall is 0,5 per cent, and at a S/L ratio of 0,34 
the error is also 0,5 per cent, giving a nett error in 
interference ratio of zero per c ent. These 
calculations are based on the results of a series of 
tests to determine t h e ' influence of the tank wall on 
the resistance of a wide variety model shapes, taken 
from Comstock and Hancock d D ,  and are considered to be 
applicable to any tank with a similar cross-section 
i.e. a breadth to depth ratio close to two.
The results of these calculations are shown in Figure 
5.2. Although approximate, they show that the effect 
on total resistance was relatively small due to the 
model being in close proximity to the wall, even at 
small separations and high speeds.
As mentioned earlier, the original drag measurement 
system which was installed on the tank was a production 
model towing carriage (see Chapter 3.2) designed for 
very basic demonstrations of ship model principles, it 
was felt however that the system could be modified • 
somewhat in order to obtain more accurate and reliable 
results. Once the system had been installed, it became 
clear that stiffness problems would not be solved 
without major re-design of the whole system.
The advantages and disadvantages of a gravity system 
over a carriage are discusned in Chapter 3.3, the major 
disadvantage being that the system cannot measure 
speeds at which the resistance is decreasing with 
increasing speed. This means that any portion of the 
drag versus speed curve for a particular hull which 
should have a negative slope for increasing speed.
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Figure 5.2 Percentage error in resistance ratio
Vwould instead exhibit zero slope over that speed range. 
Whether or not this effect occurs depends entirely upon 
the characteristics of the particular hull being 
tested, and may prove to be problematic, This again 
would depend on the magnitude of the negative slope and 
the magnitude of the speed range over which it occurs.
A sufficient amount of test points are required so as 
to be able to detect the occurrence of any such areas 
on the total drag versus speed curve. The test results 
which were obtained for the particular hull used in 
this poject showed that the curves of total drag versus 
speed all exhibited increasing total drag with 
increasing speed £oc the range of separations tested.
Effects of Wave Interference
The effects of wave interference are clearly seen in 
the graphical interpretation of the results, each 
sucsessive separation producing a different 
relationship between wave drag and speed.
Figure 5.3 shows the large variation in Cw at different 
separations as a function of speed. An indication of 
the region of beneficial interference is seen where the 
curve of S/L = 0,38 drops below the curve of S/L = 
infinity. The curves all have the same general shape,
i.e. a wave drag which increases exponentially with 
speed but with a localised maximum and minimum along 
the curve. The minimum point at infinite separation 
occurs at Fn = 0,35, while for the other two 
separations it occurs at Fn = 0,325 and 0,33, The 
infinite separation curve is seen to be between 9.0 and 
180 degrees out of phase with the other two curves.
Figures 5.4 to 5.7 show the resistance ratio plotted as 
a function of speed for different separations. The
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Figure 5.7 Resistance ratio versus Froude number 
(S/L = 0,58, S/L = 0,81)
horizontal line at a resistance ratio of 1,0 separates 
the areas of interference; points above the line being 
adverse wave interference, while those below the line 
are beneficial. The curves again are all similar.
Each successive separation from S/L = 0,18 to S/L ■
0,38 has a lower minimum value than the preceding o ne. 
The minimum values then increse with each successive 
separation. As the separation increases towards 
infinity, it can be expected that the curves will show 
less waviness and will eventually become a horizontal 
straight line through a resistance ratio of ,1,0. This 
is seen by the difference in shape of the curves in 
Figures 5.6 and 5.7, with the curve at S/L ■ 0,81 
showing the closest approximation to a straight line.
It is interesting to note that the actual hull 
separation at S/L «* 0,81 and S/L = infinity was the 
same, except that the hulls were reversed, i.e. the 
flat sides of the hulls were facing each other at S/L = 
infinity, in contrast to all the other separations. 
Since the hulls were symmetrical fore and aft, the 
difference between the curves at S/L = 0,81 and the 
horizontal straight line shows directly the effect of a 
change in hull shape on the interference wave pattern 
between the hulls.
Figures 5.8 to 5.12 show the re, '.ts plotted as 
resistance ratio versus s/L rat.lo for a particular 
speed. The resistance ratio is seen to drop sharply 
with increasing S/L patio in the S/L range of 0,18 to 
0,36. For separations larges than this range, the 
resistance ratio increases but at a slower rate.
Figures 5.9 and 5.10 indicate that the optimum 
separation lies at a S/L ratio of 0,38 and shows that 
this will hold for a Fn range of 0,315 to 0,330. At 
this separation a Fn = 0,330 gives the lowest
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resistance ratio of all the separations and speeds 
tested. At a slightly smaller hull separation, i.e.
S/L = 0,36, a larger speed range can be used while S/L 
* 0,34 gives the largest optimum operating speed range,
Figures 5.11 and 5.12 show that adverse interference 
exists for all separations when the hulls are run at a 
Pn greater than 0,34.
It can be deduced that at a S/L ratio smaller than 
0,18, the resistance ratio for all speeds will continue 
to increase, and should theoretically attain a maximun 
value of two at a separation of zero. This would be 
the point where a'single hull would be running at 
double its original displacement. At small separations 
it can be expected that boundary layer interference 
will take place, producing a variation in skin friction 
drag. (It was assumed throughout that all separations 
were large enough to have no boundary layer 
Interference and hence all interference effects are due 
to wave-making.)
The results can be compared with values calculated by 
Everest^3 ). These are shown in Figures 5.13 and 5.14. 
(In these two Figures, L is in feet and V is in knots.) 
Everest used the method derived by sggers*2 * but used 
measured wave properties of the individual hulls for 
the calculation of the interference data. The Eggers 
method uses a mathematically defined hull shape and 
then calculates the interference data from first 
principles. By using measured wave properties, Everest 
eliminated the mathematical difficulties and 
approximations required to accurately represent the 
hulls. (Note that the hull separation 8 was defined 
here as being the distance between the centreplanes of 
the hull whereas the separations for this project were 
taken as the shortest distance between the hulls.)
Figure 5.13 Predicted resistance ratio versus 
Froude number (Everest )
Figure 5.14 Predicted resistance ratio versus
separation/length ratio (Everest*31
conversion of the S/L ratios from the Everest tests to 
those of this work requires the subtraction of a factor 
of 0,1. The Everest tests used the experimentally 
determined wave properties of a standard test hull for 
his calculations and so the interference data should 
differ somewhat from the results of this project, 
although similar trends are evident.
The Everest S/L ratios referred to in the following 
text have been modified to accord with those of this 
work, comparing Figure 5.14 with Figures 5.8 to 5.12, 
it is seen that the optimum separation lies at a S/L 
ratio of about 0,2, which is far smaller than than the 
optimum obtained here. Also the magnitude of the 
resistance ratio at the optimum separation differs from 
0,52 to 0,87, i,leaning a saving in wave drag over 
infinite separation of 48 per cent for the Everest 
results compared to 13 per cent. This large difference 
is possibly due to the difference in hull shapes 
tested. The Everest hulls -had waterlines which were 
parabolic in shape, thus having a more parallel middle 
body and a sharper change in curvature towards the bow 
than the model used for this work. This would produce 
a more separated and stronger bow and stern wave 
system. The occurrence of the optimum separation point 
at s small hull separation would mean that the 
interference wave system is large (wave magnitude 
decreases with distance from the hull), and so the 
magnitude of the interference effect would also be 
large, be it adverse or beneficial.
5.3 General
Chapter 5.1 dicusses the overall tank setup and 
measurement system with a view to determining its 
accuracy, limitations and characteristics as well as
its applicability to the specific wave interference 
tests for which it was used. The use of a gravity 
system requires an understanding of its characteristics 
and limitations and this will determine the type of 
project for which it can be used. Appendix B contains 
an analysis of a general gravity system.
In general, a gravity dynamometer system, in spite of 
its simplicity and high accuracy, is not particularly 
suited to tests where wave drag is being examined Sue 
to the inability of the system to measure speeds where 
the total drag is decreasing with increasing speed, in 
the case of this project, this effect may have occurred 
and will have reduced the magnitude of beneficial 
interference i.e. possibly a greater saving in wave 
drag than was measured, This would be another possible 
explanation for the large difference in the measured 
interference ratio for these tests as compared to those 
of E v e r e s t ^ ).
The overall results which were obtained using the 
system show that accurate measurements are attainable 
with a small towing tank and small models.
5,4 Recommendations for further work
Key questions arising out of this work are as follows:
. To what extent are double hulls used in South 
Africa ?
. Is there a way of determining which hull shapes 
would be more conducive for use in a double hull
. How would actual differing ssa conditions affect 
the extent of interfecen.' and nance 
performance ?
. is there scope for double hulls in the field 
where wind power would be used as a means of 
energy saving (in view of their high 
stability) ?
Many techniques have been developed which have made the 
mathematical prediction of hull performance easier and 
more accurate. The development of computer software 
for these applications would make this task far easier 
and would open up many more avenues for further 
research.
A suggestion for a fourth year design project would be 
to develop a mechanised trolley system which would be 
as accurate as, or more accurate than, the present 
gravity dynamometer and have the capability of 
achieving planing speeds with lai'ge models.
Another suggestion for a project would be to calculate 
the interference data for the particular hull used here 
and to compare the calculated and experimental results.
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APPENDIX A
Preliminary Error Analysis
The required variables which have to be calculated are 
the wave drag coefficient ew and the wave resistance 
Rw. For the error analysis, Cw was set up as a 
function of all the variables which were required to be 
measured;
Cw = Ct-Cf
= (2gRt/pSv2 )-(0,455/<logRe)2'58)
The Reynolds number Re is affected by two variables 
other than v, namely water temperature t, and kinematic 
viscos / v, which itself is a function of temperature. 
In order to reduce the complexity of the analysis, the
error in Re was determined separately and then
incorporated into the error of Cw.
The following differential method was used: a 
dependent variable y is related to several independent 
variables by a known function F :
y • x2 .......... V
The error in y, namely dy, is then:
dy « (DF/Dx1 )dx1 +(DP/Dx2 )dx2 + ......... + (DF/Dxn )dxn
In the extreme case where the signs of the terms ace 
taken in the worst possible combination, dy represents 
the maximum possible error. A more realistic error is
obtained by a coot mean square process:
&y = v n ( { D F / D x 1 )dx1 )2 ) + .......
+(((DF/Dxn)dxn )2 ))
Applying the above to Re we get:
dRe = / ( (Ldv/v)2+(vLdv/v2) 2 ) ( AD
And to Cw:
dCw = / ( (2gdRt/pSv2)2
+(2gRtdS/pS2v2 )2 
+ (4gRtdv/pSv3 )2 
+ (0,509 9dRe(logRe)~3'58/Re)2 )
dRw = / ( (6Rt)2)
+ (0,45Spv2d S / 2 g U o g R e ) 2 >5a )2 
+ (Q , 455pSvdV/g (logP.e) 2# 58)2 
+ (0, 5099pSv2dRe(logRe)~3'58/2gRe)2 (A3)
Error Calculations
v is a function of temperature. The maximum possible 
error in water temperature is 0,5 eC. p changes only 
slightly with temperature and so is taken as remaining 
constant.
at 21,4 6C, v = ,734x10-7 m 2/Si
(A2)
at 21,9 “c, v = 9,621xl0-7 m2/s.
therefore dv = 1,13x20~® m2/ s .
Assume an error of 0,5 per cent in v at an average 
value of 1,0 m /s. This gives:
dv = 0,005 m / s .
Therefore at a model length of 0,8 m:
dRe = 10614
The variable which affects the error in Re the most is
The variables used in the following analysis were test 
results from a 4 ft model, running at a Pn of 0,6 taken 
from B a r n a b y O ).
S = '3,77 m^ 
v = 4,58 m/s 
Rt = 202,1 N
Errors of 0,5 per cent foe Rt and v were taken,, and 1 
per cent for S. This gave:
dCw = 0,0000717
The calculated cw was 0,00255, giving an error in Cv of 
2,8 per cent.
M-Jto StoWhr *
•v*%V
dRe had virtually no effect on dew, while dRt and dv 
had the largest effect. Although the actual model to 
be used for testing is smaller thaji the one used in 
this analysis, requiring the measurement of smaller 
quantities, a gravity dynamometer system has the 
advantage of high accuracy in drag and speed 
measurement and so the error in cw can be taken as 
being somewhat conservative.
APPENDIX B
Analysis of the Gravity Dynamometer System
The following analysis is based on the fact 
moving in a viscous fluid experiences a res.i 
which is proportional to its velocity raised 
p ower. As a first approximation it can be a 
a model or ship moving in water will have a 
which is proportional to v^. Thus we can wr
Fr = the force resisting motion or the 
K = a constant 
A pulley system is schematically represented
Defining the following;
ma - accelerating mass 
mr = driving mass 
mb ■ mass of model
mw = mass of driving and return pulleys 
a = acceleration of the .system 
a = ar. . acceleration of pulleys
that a body 
sting force 
tu some 
ssumed that 
drag force 
itez
(Bl)
drag force
in Figure
-— t—
Figure B1 Schematic view of a pulley system
x = distance from the start of the run 
Applying Newton's Second Law to the accelerating system: 
dv/dtl-mw-2mb-2ma-2mr) = 2Kgv2-2gma-2gmr (B2)
Let:
A = -2mw-2mb-2mr-2ma
C » -2gmr-2gma
mt = ma+mr+mb+mw
Solving the differential equation gives:
v2 => C/B(l-e("*23x/Al ) (S3)
The limiting velocity which the model attains after an 
accelerating distance s is:
vlim2 » (ma+mrl/K (B4)
Substituting (B4) into (B3) gives:
(mrtma)/mr » 1/ {1 -e (-^gs/mt) ) (B5)
and substitute the Maclaurin's Expansion for eD in 
(B5), Neglecting fourth order terms and higher we get:
/ (2gs{l+(Kgs/mt)+ 2/3(Kgs/mt)2 ))
x = distance from the start of the run 
Applying Newton's Second Law to 6he accelerating system: 
dv/dt(-inw-2mb-2ma-2mr} « 2Kgv2-2gmu-2gmt (B2)
A = -2mw-2mb-2rflr-2ma
C “ -2gmr-2gma
mt = ma+mr+mb+iw
Solving the differential equation gives:
V 2 » C/B(l-e(-2BX/A)) (B3)
The limiting velocity which the model attains after an 
accelerating distance s is*.
vlitn2 = (matmr) /K (B4)
Substituting (B4) into (B3) gives:
(mr-t-ma) /mr = l/(l-e^~2Kgs/mt)) (as)
D = 2Kgs/mt
and substitute the Maclaurin's Bxpansloi’ for eD in 
(B5). Neglecting fourth order terms and higher we g et:
ma ™ v2mt/(2gs(l+(Kgs/mt)+2/3(Kgs/mt)2) ) (B6)
Hence for a given accelerating distance s f the 
hpproxifnate accelerating mass, ma can be calculated 
from equation (B6).
Examination of equation (B3) shows that without an 
accelerating mass the model speed will asymptote 
towards the required velocity vlim and that the 
difference between the actual velocity v and the 
required velocity vlim after a certain distance x is 
dependent on K and m t . Since K, mb and mw are fixed 
for a particular model and towing system setup, the 
error in velocity after a length of run x is only a 
function of mr, i,e. as mr increases, so the error 
decreases.
With ma = 0, (B3) becomes:
v2 = mr(l-e(-2Kgx/mt))/K 
Substituting (B4) into (B7) we gets 
v^/vlim^ = (i-e(2Kgs/mt))
The percentage error in velocity due to not using an 
accelerating mass is then:
99
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APPENDIX C
Sample Calculations
The following are the calculations required to 
determine the wave drag and wave drag coefficient for a 
test point. The measured quantities were:
Rt = 0,623 N
v = Q ,5865 m/s
t = 25,3 "C
S = 0,3585 m2
Kinematic viscosity
An equation relating the kinematic viscosity of water 
to its temperature was derived from values given in 
Reid :
v « a4t 4+a3t3+a2t 2if-a1t+aQ
a4 = -2,2x10"7 
a 3 = 9,93xl0~6 
a 2 = 4,5xlO~4 
#1 - -4,72x10-2
a0 = 1,7253
t is the water temperature in degrees centigrade and v 
is in centistokes. At 25,3 “c:
v = 0,8909x10-6 m2/s
Reynolds number
Re « vL/v 
Por a length of model of 0,8 m:
Re = 5,269xl05
Skin fciction coefficient
The Prandtl-Schliohting skin friction formulation used 
to determine Cf was taken from B a r n a b y O ):
Gf = D,455/aog(Ri;))2 '58
= 5,054xl0-3
Total resistance coefficient 
Gt = 2Rt/pSV2
p was taken as being constant over the test temperature 
range as it varies by only 0,1 per cent, and so an 
average value of 997,8 kg/m3 was used. This gives:
Ct = 1,012x10-2
Wave resistance coefficient
The wave resistance coefficient Cw, is the difference 
between Ct and C f :
Cw = Ct-Cf
= 5,067x19-3
Wave drag
Rw = CwpSV2/2 
= 0,3119 N
Determining System Friction
The principle of conservation of energy was used to 
detecmix.e the overall system friction of the gravity 
dynamometer. The method, however, only gives the 
friction of the unloaded dynamometer and does not 
account for the increased frictional torque in the 
bearings due to load, nor the friction due ho the 
increase in towline tension as the towiine movej over 
the driving pulley.
The friction in the beatings due to load can be 
calculated separately using a formula given in the 
bearings specifications manual, but this is negligible 
'relative to the system friction.
Friction due to the increase in towline tension under 
load is difficult to determine and was not considered.
Unloaded System Friction
Consider the system represented in Figure Dl: a pulley 
driven by a falling mass, which falls through a given 
height h.
Assuming that the frictional torque a c t • : on the 
system remains constant with speed, then by the 
principle of conservation of energy:
Figure D1 Falling mass drivin'g pulley
(initial energy)
+ (energy added) = (final energy)
+ (energy removed)
mgh. = .lu2 /24rav2 /24'rfe1 (Dl)
1 ■ the mass moment of inertia of the pulley
m = a knokn mass
. * u = angular velocity of the pulley after falling 
through the height h
V = velocity of the mass after falling through the 
height h
Tf ■ the frictional torque
= the total angle through which the pulley
rotates while the mass is falling through 
the height h
@2 = the total angle through which the pulley 
rotates frora the instant at which the 
falling mass disconnects from the system 
to where the system comes to rest
If the mass is disconnected after falling through the 
given height and the system is allowed to come to rest 
under the influence of the frictional torque, then 
again by the principle of conservation of energy:
Iu 2/2 - Tfef (D2)
Substituting (D2) into (Dl)z
Tf = {mgh-mv2/2)/(0i+ef) (d 3)
Hence the frictional torque in the unloaded system can 
be calculated using (P3). A known mass is used to 
accelerate the system by Calling through a measured 
height; after which the mass is then disconnected and 
the system is allowed to come to rest.
The driving pulley and mass are used for this purpose 
and are stopped instantaneously after a fixed distance. 
The driving line then disconnects and the total number 
o£ revolutions of the driving pulley is measured, i.e. 
•proportional to (e^+ef). This was accurately done by 
connecting the output of the photo-transistor on the 
driving pulley to a pulse counter, the total number of 
pulses then being proportional to (e^+8g).
The final velocity of the falling mass is proportional 
to the maximum velocity reading on the speed monitor.
The resulting frictional drag in the towing line Fd is
r = radius of the driving pulley
An error in this method occurs due to the pulley in the 
ceiling not being included in the system aCtet the 
driving line disconnects, but this will be small
compared to the friction of the towing line over the 
driving and :eturn pulleys.
Bearing Load Friction
The dominating load on the driving and return pulleys 
is that due to the towline tensioning mass which was
4,5 kg. The range of driving masses which were used 
was from 0,8 to 1,7 kg.
Two 6 mm bore P.A.G. self-aligning ball bearings were 
used per pulley. The manufacturers' catalogue gives a 
formula for the calculation of the frictional torque of 
a bearing in terms of the coefficient of friction.
u = 2M£/Fd
M£ » the friction torque of the bearing 
F » the bearing load 
d = the bearing bore
u =» the coefficient of friction given as 0,001 6 
for a self-aligning bearing with a radial load
The maximum and minimum frictional moments on the 
driving pulley are thus: ,
Mfmax 0 F m a x ^ / Z
= 5163x0,0016x6/2 
» 25x10-5 N.m
« 4742x0,0016x6/2
= 23X10"5 N.m
The resulting drag on the bowline due to 
torque is the frictional torque divided b 
of the driving pulley, which is 126,5 mm.
Mm a x  = 0'002 N 
Pdmin ■ 0-002 H
Prom this it can be seen that the change 
the bearings has negligible effect on the 
frictional drag (within the required accu
the frictional 
y the radius 
This gives:
in loading on 
bearing 
racy of the
\APPENDIX B
Design of the Speed Monitor
The speed monitor operates off the large driving 
pulley. Holes are drilled through the pulley and a 
photo-transistor and infrared-sT.itting diode are 
mounted on either side of the pulley. As each hole in 
the pulley passes between the transistor and l.e.d,, a 
voltage pulse is generated. The frequency of the 
pulses is proportional to the angular velocity of the 
pulley, which in turn is proportional to the model
The voltage pulses are then passed into a Schmidt 
trigger which modifies the pulses into a square wave 
and then to a frequency to voltage converter which 
converts the frequency change into a voltage change.
The size and spacing of the holes on the large driving 
pulley are constrained by the switching time of the 
photo-transistor. A design speed operating range for 
the gravity dynamometer was set at 0,1 to 2,0 m/s, and 
this was used to determine the hole sizes and spacing.
The number of holes determines the output frequency 
range from the photo-transistor and this must comply 
with the operating range of the frequency to voltage 
converter. The driving pulley has 128 equally spaced 
holes lying on a 243 mm diameter, giving one pulse per
6,5 mm model travel. A chart recorder then records the 
voltage change. Two channels on the chart recorder 
were used, one which traced the model speed f ''''' »ero 
velocity to maximum, while the other amplir 
speed trace over the constant speed rangi
The amplified signal shows a velocity change of 0,005 
m/s per chart division, which is an average change of 
0,5 per cent (there are 100 divisions on the chart).
Because the viLtage range of the amplified signal lay 
beyond the voltage range of the chart recorder, a 
circuit wss built which changed the reference voltage 
so that the constant speed signal occurs within the 
chart recorder range. The vojttage was adjusted using a 
potentiometer.
For the purpose of determining and checking the system 
friction, the output from the Scnmidt trigger was also 
fed into a pulse counter.
Calibration of the Speed Monitor
The speed monitor was calibrated in order to check its 
linearity and to be able to determine the velocity of 
the falling driving mass for the calculation of the 
system friction.
Pot the calibration, a standard pulse generator was 
connected to the input of the frequency to voltage 
converter. The frequency of the pulse^ vis accurately 
measured by a standard frequency meter. The 
calibration chart is given in Figure El.
■;v-; 1
3
10 20 30 40 50 60 72 90 100
Chart Divisions
Figure Bl 'Calibration chart for the sv^tsti monitor
Electrical circuitry
The following pages give the technical data used for 
the speed monitor system as well as the camera 
activating circuit.
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APPENDIX F
Netted Surface Area and Displacement Calculations
The total wetted surface area of the model was required 
for the purposes of calculating the wave drag 
coefficient. The wetted surface area was calculated at 
the static waterline, W.I.. 11 and then from the 
photograph of the moving model, the change in wetted 
surface with r.aspect to W.L. 11 was calculated. This 
was then added to the static wetted surface area.
The model displacement was also calculated at 
W.L. 11 and compared with the actual model 
displacement.
Netted Surface Area Calculation
Simpson's Rule was used for the calculation of the 
wetted surface of the faired part of the hull, the hull 
being divided up into segments as shown in Figure Pi 
(the same size segments were used in the construction 
of the model, see Appendix H ) .
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Figure FI Hull segments-
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We define the following;
sb*sl 8n “ pecimeber of each hull segment
ab ,   a n « area of each hull segment
B = depLh of hull from the static waterline, W.L. 
11 to the point at which hull becomes faired
h = depth of each faired segment 
(all at the same depth)
The surface area of the non-faired part of the hull is:
Sb = sbxB
= 1622x45
= 73319 mm2
We define the following:
sb ,sj ..... sn = perimeter of each hull seg'ent
ajj'al ..... a n = area of each hull segment
B « depth of hull from the static waterline, w.L. 
11 to the point at which hull becomes faired
h = depth of each faired segment 
(all at the same depth)
The surface area of the non-faired part of the hull is:
Sb ■ sbXB 
= 1622x45 
= 73319 mm2
Table Fl Simpson1s Rule applied to the hull segments
foe the calculation of surface area
ordinate multiplier s (»»> function (mm2 )
s 9 1
s8 4 6414
s 7 2 3211
s6 4 6438
s 5 2 1613
s4 1616
s3 1619
s2 1620
Si 1 1622
Therefore the surface area of the faired part of the 
hull is:
Sh = 8,1x36696/3
= 10448 0 mm2
The total static wetted surface area for both hulls is: 
S = 2(Sb *sh )
. = 2(73319+104480)
= 355598 mn)2
Table PI Simpson’s Rulvt applied to the hull segments
for the calcuiatiun of surface area
ordinate multiplier s (mm) function (mni^ )
Sg 1 1600
4 1604
= 7 1606
s 6 1610
s5 1613 3226
®4 4 1616 6465
a3 2 1619 3238
s 2 4 1620 6482
S1 1 1622
Therefore the surface area of the faired part of the 
hull is:
Sh = 8,1x38696/3
r 104460 mm2
The total static wetted surface area for both hulls is: 
S = 2(Sb+Sh)
= 2(73319*104480)
Calculation of Model Displacement
Simpson's Rule was again used as above, this time using 
the area 01 each segment.
The volume of the non-faired part of the hull is:
M = abxB 
* 44646x45 
= 2017994 mm3
Table F2 Simpson's Rule applied to the hull segments 
for the calculation of volume
ordinate multiplier a (mm2 ) function (mm3 )
a9 o 0
a8 19930 79719
a7 24371 48741
a6 30198
a5 ' 34837 69674
a4 38438 153753
a3 41314 .82627
a2 42896 171583
al 44646
The volume of the faired part of the hull is:
Mh = 8,1x771532/3 
■ 2083136
The total static volume for hulls is:
M = 2(Mb+Hh )
= 2(2017994+2063136)
•= 8202260 mm3
The calculated static displacement mass ef the model is
= 0,008202x997,8 
= 8,184 kg
The actual static model displacement was 7,942 kg.
APPENDIX 6
Repeatability Tests
Repeatability tests were run at three set values of 
drag and the variations in speed and wetted surface 
area were determined and recorded. Seven tests per 
drag setting were run.
Table G1 lists the results of the repeatability tests 
which were run at infinte separation.
Confidence limits of 95 per cent were chosen. Wood and 
Martin*14 * gives a formula for computing the limits for 
a given sample size n and a confidence P.
ks = st/n0 '5 (Gl)
t = a tabulated value which is a function of P
s = the standard deviation of the readings
ks = the actual error
The formula thus implies that the confidence is P that 
the true value is within the range m-ks,and m+ks, where 
m is the mean value of the readings. - At; a confidence 
of P = 0,55 (95 per cent), and a sample size of n = 7, 
Mood and M a r t i n ^ )  lists a value of t = 2,45.
For each test the wave drag and wave drag coefficient 
were also calculated and the statistical errors for
Table G1 Repeatability test results at infinite 
separation
test no. Rt (N Pn S (m2 ) t <°C)
1,536 0,7007 0,3629 24,7
1,536 0,3000 0,3545 20,8
1,536 0,2994 0,3642 18,7
1,536 0,2994 0,3662 18,7
1,536 0,2990 0,3672 18,7
1,536 0,2982 0,3665 18,5
7 1,536 0,2984 0,3651 18,5
B 1,992 0,3369 0,3672 24,4
1,992 0,3330 0,3693 20,8
1,992 0,3336 0,3697 18,4
1,992 0,3333 0,3700 18,4
1,992 0,3334 0,3688 18,5
1,992 0,3326 0, 3706 18,4
1,992 0,3339 0,3702 18,5
3,363 0,3905 0,3809 24,0
3,363 0,3696 0,3817 20,6
3,363 0,3901 0,3823 18,4
3,363 0,3896 0,3824 18,4
3,363 0,3893 0,3810 18,4
3,363 0,3897 0,3809 22,0
3,363 0,3826 21,8
these quantities also examined.
Applying equation (Gl) to the results we get the 
following errors as listed in Table G2.
Table G2 Errors
Rt <N) S (m2) Rw (N)
1,536
1,992
3,363
8,09x10-4 
1,32x10-^ 
5,2 9x10"'*
1,40x10-3
1,05x10-3
7,00x10-4
4,81x10-5
4,57xl0-5
5,17x10-5
5,48x10-3
5,95xl0-3
8,82x10-3
Error Analysis
The statistical errors for speed and wetted surface 
area given above were used in the error formulae for Cw 
and Rw (root mean square), as derived in Appendix A.
The calculated pecentage errors in Cw and Rw for the 
three different drag values are given in Table G3.
Table 63 Percentage errors
percentage error
Rt (N)
1,536 1,6 1,2
1,992 1,6 1,0
3,363 0,8 0,5
APPENDIX H
Derivation of the Model Shape Formula
The model hulls have waterlines which are arcs of 
circles, each waterline being defined by a different 
circle. The overall model length remains constant for 
all waterlines. Consider Figure Hi.
Defining the following coordinate system with the 
origin at the lowest point on the hull, on the 
longitudinal axis of symmetry and on the flat side of 
the hull:
x = the transverse distance from the flat side 
towards the curved side
y = the longitudinal distance from the transverse 
axis of symmetry
z = the vertical distance from the lowest part of 
the hull
Also defining the following:
r(z) = the radius of each circle which defines the 
curved waterline profile
i(z> = the distance from the centre of the circle 
to the x coordinate
j(z) = the maximum hull thickness at each 
waterline
b = the model half length
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I Figure HI Circle and coordinates defining
I the model surface ^
For each circle we can write the following:
y 2+i2 a r2 (equation of a circle) (Hi)
2rj = j2+b2 (writing (HI) in terms (H2)
of j and b)
X = j-r+i (H3)
Solving the three equations simultaneously and 
eliminating r and p we get:
y 2 = (-x2+j2x-b2x+jb2 )/j <H4)
The maximum hull thickness j at each waterline is a 
function of a and can be defined by a polynomial or 
exponential relationship. Figure H2 gives the 
coordinates, in millimetres, of the model midship
Thus any point on the hull surface can be defined 
mathematically in terms of x, y and z coordinates.
Formula for the Calculation of the Perimeter 
of a Waterline
For th'e purpose of calculating the model vetted surface 
area (see Appendix F) , the perimeter of any given 
waterline is required. The perimeter, s is thus:
s = (arc length of the defining circle)+2b
- 2r(arcsin(b/r))+2b (H6)
Formula for the Calculation of the Area 
of a Haterline
This is required to calculate the model displacement 
(see Appendix F). By integrating (Hi) between the 
limits (r-j) and r, the area, a of a waterline is:
a - 2<<r2a/4)-(ir-j)r'(2rj-j2 )/2)
- (r2 (arcsin((r-j)/r))/2)) (H7)
3(80,0,64,6) 
(78,5:56,5) ' 
(75,5;46,5) .
(70,O H O , 4)
{63,0 ;32,3 )
(53,7,24,2:
(23,5,8,1)
Figure H2 Coordinates, in millimetres, of 
the bull midship section
APPENDIX I
Effect of Size of Towing Tank on Model Resistance
The data which was used to calculate the expected 
increase in resistance due to the close proximity of 
the tank wall was taken from a publication by Comstock 
and Hancock d D , the curves in Figures II, 12 and x3 
being obtained through tests on a wide range of hull 
shapes.
A value for the "Displacement-Length Ratio” (as 
defined at the top of Figure 12) was calculated using 
the displacement of a single hull, A value of 21? was 
obtained for the model used in this project. The 
lowest curve in Figure 12 was used, this having the 
closest value of "Displacement-Length Ratio", i.e. 200.
Sample calculations
The following is a sample calculation for the 
percentage error in resistance ratio due to to the 
model being in the proximity of the tank wall at a 
given speed and separation.
Model speed:
This gives a value of 1,1 when converted to the scaling 
of v/VL as defined in Figure 12, The intercept of this 
line with the Displacement-Length Ratio line gives a Y- 
intercept of 0,35. Thus:
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Figure II Approximate increase in resisbance in
shallow water of unlimited width, deduced 
from model tests (Comstock and Hancock d-1-))
Stole 'for v//v »  wh*r<> V'Speedin knots end L* length In 'eet
Figure 12 Maximum size of model for no meat eable 
wall effect (Comstock and Hancock <1:L))
Various Models end Speeds
Figure 13 Increase in model resistance due to too .
large a model (Comstock and Hancockt***)
max. length of model/breadth of tank «= 0,35
Hull separation:
This puts the hull at a distance of 0,94 m from the 
tank wall, and hence an effective tank breadth of 1,68 
m. Therefore:
max. length of model = 0,66 m
Referring now to Figure 13, the actual length of model 
was 0,8 m, and so the value for the X-intercepi: 
becomes:
0.8/ 0,66 = 1,22
This then gives a Y-intercept of 1,005, i.e. an 
increase in resistance of 0,5 per cent due to the 
proximity of the wall.
Because the resistance ratio Rw/nwin is a comparison 
between the wave resistance at a given separation and 
speed with the wave resistance at infinite separation 
and at the same speed, the error due to wall proximity 
at infinite separation must also be calculated in the 
same way. At infinite separation the hull was 0,9 m 
from the tank wall, giving an effective tank breadth of 
1,8 m. This also gives an increase in resistance of 
0,5 per cent, implying an error in resistance ratio of 
zero per cent due to the proximity of the wall.
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